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ABSTRACT

The VSAT communication depends on many factors, such as signal strength, receiver
sensitivity, and environmental interference factors. To ensure optimal signal quality, the VSAT
antenna must remain properly aligned and polarized toward the satellite. For the VSAT system
installed on the shipboard, the disturbances from waves, wind, and current significantly disrupt
the antenna's ability to maintain a stable orientation toward the satellite target. To enhance
structural efficiency, motion precision, and stiffness, some shipboard VSAT systems, such as the
ORSAT AL7103 and AL7107, incorporate designs with motion axes that are not perpendicular.
The article introduces a method for calculating look angle stability parameters for this type of
VSAT system, including azimuth and elevation angles, rotation control angles, and the ship's
attitude angles. Some experiment and simulation results support the theoretical analysis of the
proposed method.
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1. INTRODUCTION

VSAT communication has been widely exploited all over the world. This is a wireless
communication method that uses geostationary satellites for connectivity. It enables
communication in remote and extreme areas, such as oceans or forests. In the VSAT control
system, determining the look angles of antennas, along with the control parameters required to
achieve these angles, is essential for maintaining a stable connection to the satellite. In [1], the
concept of look angles is defined, including elevation and azimuth angles. The elevation angle is
measured upwards from the local horizontal plane at the earth station, while the azimuth angle is
determined starting from true north, measured in an eastward direction to the projection of the
sattelite path onto the local horizontal plane. The control system for VSAT can use two axes to
regulate elevation and azimuth angles [2]. However, this approach causes the problem of gimbal
lock, which occurs when the elevation gimbal is at an angle of 90° above the horizon. At this point,
azimuth gimbal motion has no effect on line of sight orientation. The control system with three
axes can help to eliminate the gimbal lock. In a three-othorganal axis antenna on a shipboard with
an azimuth-level-elevation mount, at lower elevation angles, stabilization is mainly controlled
through the azimuth and elevation axes. At higher elevation angles, it relies on the elevation and
level axes. The upper assembly is mounted on a single mast connected to the azimuth gimbal.
However, this configuration results in a lack of stiffness. A shipboard antenna with a three non-
orthogonal axis design can offer increased stiffness without significantly compromising
performance compared to other orthogonal designs [2]. In [3], the authors outline the mathematical
modeling of antenna look angles for a satellite ground control station. The model uses
mathematical equations to express these angles. [4] provides a model for the azimuth and elevation
angles with validation and analysis. The two studies [3] and [4] focus on calculating the look angles
of the VSAT antenna at the ground station but do not address the polarization of the satellite
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signals. They concentrate on the geometric aspect of antenna positioning without considering the
signal polarization requirements for optimal communication. [5] introduce approaches for VSAT
control with open loop and closed loop methods. The open-loop method utilizes the satellite's
known position and look angles to adjust the antenna’s orientation based on its current attitude.
The closed-loop method improves accuracy by continuously adjusting the antenna's orientation to
maximize the receiver signal strength. This feedback-driven approach ensures that the antenna
maintains the optimal position relative to the satellite. However, this necessitates the mechanical
scanning of the antenna across the sky, which can be complex and time-consuming. A third
approach can be a hybrid of the two abovementioned methods. In [5], PID control law is applied.
This PID controller uses look angles as a reference. Data from the IMU sensor is used to calculate
the current attitude of the antenna. In [6], the analysis of angular velocities and accelerations in
both time and frequency domains is conducted to establish the typical design requirements for
tracking antenna systems. Meanwhile, [7] provides details on satellite look angles, which are
essential for orienting mobile satellite tracking antennas to either GEO (Geostationary Earth Orbit)
or non-GEO communication satellites.

The attitude of a VSAT antenna mounted on a ship constantly changes in tandem with the ship's
hull movements. To maintain a stable satellite connection, the VSAT system calculates the ship's
orientation and adjusts the antenna's position to track the specified look angles. This study
introduces a method to calculate the ship's attitude angles and suggests an approach for determining
the rotation angles required around non-othorganal axes to maintain the antenna's directional
stability and polarization alignment. The ship's attitude angles describe its orientation within the
navigation coordinate system. The rotation angles serve as reference inputs required by the
satellite-tracking antenna controller. The rest of the paper is divided into 3 parts. Section 2 presents
the VSAT system with a non-orthogonal axis system and the method to determine the look angle
stability parameters. Section 3 presents the simulation test results. Section 4 is the conclusion.

2. METHODOLOGY

2.1. VSAT system model with a non-orthogonal motion axes

In this model, the VSAT antenna rotates around 3 non-orthorganal axes: the azimuth axis, the
R axis, and the P axis (figure 1). Let select the coordinate system OaXaYaZa (Frame 1) fixing to
the ship’s deck. The coordinate system OrXrYrZr (Frame 2) is attached to the base of the axis R.
The coordinate system OpXpYpZp (Frame 3) is mounted to the base of the axis P. To utilize the
transformation formula for continuous rotation chain, additional rotations around the Y a1 and Yr:
axes (figure 1). In the initial conditions, we assume that the Ya, Y, and Yp axes have the same
direction (lateral direction). The transformation from frame 1 to frame 2 is performed via two
rotations: the rotation around the Za axis at an angle « transforms OaXaYaZa to a new frame
Oa1Xa1Ya1Za1 and the rotation around the Y a1 axis at the fixed angle k transforms OaiXa1Y a1Za1
to OrXrYRZr. The transformation matrix from the frame 1 to the frame 2 is: R? = R} (x)R% ()
[9]. Where Ry, (a;) - Rotation matrix around the axis X; at the angle a; [8]. For the transformation
from frame 2 to frame 3, we execute two consecutive rotations. One of the rotations is performed
around the Zr axis by a specified angle B, which transforms the system OrXgrYrZr t0
Or1Xr1YRr1Zr1. The second rotates the system OriXr1Yr1Zr1 around the Yry axis at the particular
angle of o. The transformation matrix from the system 2to 3is: R3 = RL(B)RY (o) [9]. Figure 2
illustrates the chain of rotations in this non-orthogonal VSAT model. While rotations around the
Azimuth and R axes are responsible for directing the VSAT antenna towards the satellite, the
rotation around the P axis does not affect the antenna's orientation. Instead, it adjusts the
polarization skew, ensuring the correct alignment for optimal signal reception and transmission.

In frame 3, we denote k as a unit vector of axis P. It’s coordinates in the frame 3: kp=[001]".
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When the antenna is aligned with the satellite, the vector k is directed towards the satellite.

Figure 1. A VSAT system with non-orthogonal axes.

R Rzr(B)
OAXAYAZA ﬂ’ OAlelYAIZAl M’ ORXRYRZR _ZIR

R R
L OriXr1YriZr1 ‘ﬂ’ OpXpYpZp ﬂ’ Op1Xp1Yp1Zp

Figure 2. The chain of rotations in the non-orthogonal VSAT model.
2.2. Determination of the look-angle stabilization parameters
2.2.1. Calculation of azimuth, elevation, and rotation control angles «, £ around Azimuth and R axes

First, we determine the direction vector N from the antenna to the registered geostationary
satellite. In the body coordinate (the frame 1), according to [13]:
NB = [Xp Y ZB]T = Cﬁcﬁ[XB Yp ZB]T 1)
Where: CE — The transformation matrix from the navigation system (ENU) to the body frame
fixed to the ship’s hull:
Co Cw CgSlp —Sp
Cy = RL(P)R)(OIRL(Y) = [qusecw —CpSy  SpSeSy T CpCy  SpCo|,
C¢SQC¢ + S¢S¢ C¢SQS¢ - S¢C¢ C¢,C9
here, ¢, 8,1 are Roll, Pitch, and Yaw respectively, in the ENU (East, North, Up) coordinate
system; these angles are mentioned in 2.2.3; C¥ - The transformation matrix from the Earth-fixed
coodrinate system (E-frame) to the navigation system (N-frame):

=S, a, 0 X (R + hs)cyp Ca, (R + hy)cg,ca,
CY = |=SepCh, —Se,5%, Cop|i |Ye|=|R+hcysa|—|R+hy)ce, sz,
CopCa, CopSh,  Sop Zy (R + hg)sy, (R + hp)sqop

Here, R is the radius of the Earth; Ap, ¢p, hp are respectively the longitude, latitude, and altitude
of the station VSAT. These parameters can be obtained using a GPS devices; A, g, hs are
respectively the longitude, latitude, and altitude of the registered geostationary satellite. Here, we
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denote s, = sin(4p); ¢, = cos(Ap); T8 = NB/||NB|| = [n; n, n3]"- The normalization of
the vector NB. The elevation and azimuth angles of the VSAT antenna in the body frame (the
system 1) after stabilizing the direction of the VSAT antenna are:
¢ = asin (n3/{/n? + n4 + n3)=asin(n; ); U = atan2(ny,n,) )
The problem now is transforming the vector k (in 2.1) to the vector 7 via two sequential
rotations around the axes R and Azimuth. In the rotation around the asix R, we try to move the
vector k to the new position inclined to the ship’s deck plane at an anglee. In the coordinate system
OnrXa1Ya1Zas the vector k after rotating around the axis R is:

53k g A k-

[CkSaCp T+ SkCo  CxSgCp + SkCo  —SkSsCp + c,cca

ka1 = Ry(kx)Rz(B)Ry(0)kp =

To get 8, we solve the equation (4):
Sine = —5,S5Cg + €Cq = N3 (@)
Two solutions B4, 8, are:
Br = acos (£22); f = —acos (2) (5)
Next, we define a rotation angle a around the Azimuth axis to move the vector k to the vector
n. LetRy,y, = [ZZ _Cia] The rotation angle a is the solution of the equation (6):

[Cksaii:l;sxca] _ XAYA[ ] [ aa ] Z;] ©)

Solving the equation (6), we have two solutions a4, a, corresponding to 8 = B4, B = B2:
ay = atan2[n,(c,SeCp1 + SkCs) — M1SeS1, N1(CSeCp1 + SkCo) + N2SeSpal;
a, = atan2|n, (cksacﬁz + s,cca) — N1S5SB2, nl(cksacﬁz + s,ccg) + N3555p2] @)
2.2.2. Determination of the rotation angle y to stabilize polarization
In the ENU coordinate system, the vector representing polarization of the satellite signal
remains unchanged. After obtaining the antenna orientation, we perform a rotation around the P
axis to obtain polarization and stabilize it during satellite tracking control. We suppose that at time
t=0 (a=ayB =By v =0), the VSAT system gets its necessary direction and polarization.
Select any vector By, that is not parallel to the vector 7i. The vector P, can be chosen as P =
CB|t oRz(ao)Ry(kK)Rz(Bo)Ry(0)ey,. Here,ex, = [10 0]7 - the coordinate of the unit vector of
the axis Xp represented in the coordinate system OpXpYpZp. At time t, we suppose that the direction
of the antenna is stabilized at @« = a, B = B,y = y;. Then, the vector p, rotates to a new position
P., Which has coordinates in the navigation coordinate system as: PpY =
C§|tRZ(at)Ry(K)RZ(ﬂt)RY(a)éxp. Let Doz Peum are respectively the perpendicular
components of the vector pg, P, projected onto the vector 7i. We have: po,5 = Po — (B0, T,
Pyis = Pr — (P, 1)1 The angle y, of rotation around the P axis is determined by the expression
(8). By rotating around the axis P, the VSAT antenna get it’s polarization.

Ve = L(ﬁou?u ﬁqm) = sign[(f)’mm» X ﬁqm’)ﬁ] aCOS((ﬁouﬁ’»ﬁqm) /||I_7)0|lﬁ||||1_7)t|m’”) (8)
2.2.3. Determination of the ship's attitude angles in the ENU coordinate system

There are numerous methods for determining a ship's attitude angle. In this paper, we use an
inertial measurement unit (IMU), an inclinometer, a compass, and a Kalman filter for our solution.
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Data from the IMU sensor is used to determine the pre-estimated attitude angles. These pre-
estimated angles are calculated based on the kinematic equation (9) [8]. Here: vy, 6, ¢ - Yaw, pitch,
roll of the ship’s hull; p, g, r angular velocities from the IMU sensor.

1'[) 0 S¢/C9 C¢/Cg
6[=10 —5¢ H ©)
(i) 1 Sd,tg Copto

By discrete integration [9], we can get pre-estimate attitude angles ¥, 0y, ¢y, .

Compass i 7
AW Read sensor Hx| Measuring | o X
(P) Read and model

format sensor
Inclinometer data T

Roll (@) Kal Ve

Pitch(6) g;‘:r"’]‘” X=|6,
Gyro Pre-estimate . &,

oy _ Pre- Estimated

P el estimation of anales >
wz attitude angle g
$x

Figure 3. Block diagram of attitude angle estimation.

Let state vector: x = [0 ¢ e, g4 e,]T. Here ey, eq e - Angular velocity errors. Let &x =
[6¢ 86 8¢ Sey, bey, 6 e, ]T. The evolution of for 8x is given as: x =Féx+Gw. Where w - Represents
the wideband measurement errors on the p, g, and r gyro outputs and driving noise terms for the
stochastic gyro biases, w is characterized by the power spectral density matrix Q. Let measurement
output z = [Yeom Ocom Pincl achieving from the compass and inclinometer sensors. The
measurement model is: z = Hx. Where H — The measurement matrix. Let R - The measurement noise
covariance matrix. Applying the Kalman filter for the discrete model, we have the Kalman gain [10]:

K, = PyHT"(H"P;;H + R) (10)

Where: P, = Fy_1Py_1FY_; + Gx_1Qx_1GY_1; P} = (I¢x6 — K\ cH)P},. The estimation of

the error state vector is calculated by (11):

oxi, = Ky(zy — Hxy) (11)
The estimations of attitude angles (yaw, pitch, roll) are:
Y =i +6xf[1],6; = 6; +8xi (2], ¢i = ¢ic + 6xif[3] (12)

In this paper, the author does not delve into the algorithm in detail but plans to provide a more
comprehensive explanation in future research.

3. RESULTS AND DISCUSTION

3.1. Test attitude angle measuring block

The authors developed an IMU-VN block to
measure attitude angles (figure 4). We also performed
tests on an oscillation system. This system uses 17-bit
encoder (equivalent to the resolution of 0.003°) to
encode the position. The test results are shown in table Figure 4. Attitude angle
1. RMS errors between the attitute angles returned measuring block.
from the IMU-VN block and the reference angles
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infered from encoder values are respectively 6,4, = 0.01° , 6pitcn ron = 0.08° for yaw and pitch
(roll) angles.

Table 1. Test results with the attitude angle measuring block IMU-VN.

yaw Pitch
TT Ref. Yaw (°) | Yaw (°) |Deviation (°) | |Ref. Pitch (°)| Pitch (°) |Deviation (°)

1 -19.75176  |-19.63136| 0.1204 -11.75176 |-11.63136| 0.1204
2 -5.03855 -5.13663 | -0.09808 -5.53855 | -5.63663 | -0.09808
3 5.04129 5.03486 | -0.00643 -1.04129 | -0.93486 | 0.10643
4 12.74162 12.97658 | 0.23496 11.94162 |11.97658 | 0.03496
5 22.4019 22.3819 -0.02 22.9019 22.9819 0.08
6 27.39974 27.2804 | -0.11934 25.39974 | 25.4804 0.08066
7 17.99254 | 17.95061 | -0.04193 16.99254 | 16.95061 | -0.04193
8 9.67458 9.71773 0.04315 3.87458 3.81773 | -0.05685
9 -10.78015 | -10.6812 0.0989 -10.78015 | -10.6512 | -0.1289

RMS of o o

IMU-VN 0.10 0.08

RMS of

ORSAT 0.10° 0.10°

AL7103

These results meet the requirement for RMS error of the attitude angle measurement block of
the ORSAT AL7103, ensuring it does not exceed 0.1°.
3.2. Simulation for calculation of angular stability parameters

First, we evaluate the influence of VSAT station location on the change of look-angle
parameters. For convenience of evaluation, we assume that the body coordinate system coincides
with the navigation coordinate system (¢ = 0,0 =0, Y =0). Let k =-45° o =45° The
satellite has longitude, latitude, and altitude, respectively: s=131.8, ¢s = 0.02, hs = 42200 km. The
radius of the earth is R = 6371 km. Calculation results are shown in table 2.

Table 2. Simulation results with the carrier ship not changing the attitude angle.

T latitude ()| longitude (°) a'(tli(tr‘;?e oO) | &) | e | Be)
VSAT1(gy, A hy)| 161191 | 1083364 | 0 |122.6340|57.8420| 307115 452853
VSAT2(gp.Jp )| 16,1230 | 1082123 | 0 |1224863|57.7265| oo sas| 403559
VSAT3(gy, do )| 161195 | 1083370 | 0 |1226353|57.8423| 1305207 908
VSAT2-VSAT1 Distance = 13.264 km 0.1477 | 0.1185 | 99022 | 01708
VSAT3-VSAT?2 Distance =13.326 km 0.149 | 0.1158 82223 g 117711

It is evident that, given the considerable 13 km separation between VSAT station locations, the
angular changes in azimuth and elevation, as well as the rotational displacements around the
Azimuth and R axes, are tiny, remaining under 0.2°. This indicates that the ship's hull orientation
significantly affects the antenna’s ability to maintain proper alignment.

In the subsequent simulation, we modify the ship's attitude angles (roll, pitch, and yaw) to observe
how they influence the elevation and azimuth angles of the antenna. Additionally, we analyze the
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rotation angles required to maintain proper direction and polarization for the VSAT antenna. The
ship's attitude angles are changed harmoniously with a period of 6 seconds, as shown in the figures.
The amplitudes of roll, pitch, and yaw are 30°, 20°, 6°, respectively. The oscillations of the azimuth
and elevation angles, along with the stabilization rotation angles for antenna alignment, correspond
directly to the frequency of changes in the roll, pitch, and yaw of the ship’s hull.

ship’s attitude angles elevation - azimuth

10 150 T
—roll —elevation
— ——pitch ° /\/fazimuth
o 5- 1 - ]
yaw £
g 5100 ]
> =
0 N
< 0 ©
[5}
3 5
- £ 50f
3 5 B
[0}
210 . . . 0 . . .
0 2 4 6 8 10 0 2 4 6 8 10
time (s) time (s)
50 regulated angles around azimuth, R, P axes (Solution 1) 100 regulated angles around azimuth, R, P axes (Solution 2)
—alpha —alpha ||
s, —beta B \/\/*beta
«© [ amal | ama
£ g £ 50| gama|
[ ©
je2} o
g -50- o
(] (9]
el Kol
© © o+
5-100 [ q s
© W ©
-150 . : 50"
0 2 4 6 8 10 0 2 4 6 8 10
time (s) time (s)
Figure 5. Experiment with varying Yaw angles.
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Figure 6. Experiment with varying Pitch angles.
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ship’s attitude angles elevation - azimuth
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Hinh 7. Experiment with varying Roll angles.

When the ship experiences changes in its yaw angle (figure 5), only the azimuth angle of the
antenna is affected, requiring adjustment solely around the Azimuth axis for stabilization. In other
scenarios (figures 6, 7), changes in the pitch or roll will alter both the azimuth and elevation angles
of the antenna. In these cases, to stabilize the antenna's orientation and polarization, control across
all three axes of the VSAT system is necessary.

4. CONCLUSIONS

The paper introduces a method for calculating look-angle stability parameters for antennas in a
non-orthogonal axis VSAT system. This approach allows for the determination of azimuth,
elevation, and rotation angles around the system's non-orthogonal axes. Additionally, it proposes
a solution for estimating the ship's attitude. These parameters are essential for directing the VSAT
antenna toward the communication satellite while ensuring the correct polarization. Simulation
results highlight the significant impact of the ship's attitude on VSAT antenna stability, whereas
the ship's position has a comparatively minor effect on the change of antenna's orientation.
Harmonic changes in the ship's roll, pitch, yaw cause changes in the look-angle stability parameters
at the same frequency. For the developed attitude angle measurement block (IMU-VN), the RMS
errors for yaw and pitch were measured at 0.1° and 0.08°, respectively. These values below the
specified requirements for the ORSAT AL7103 system.
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TOM TAT

Xac dinh tham s6 6n dinh géc nhin cho hé théng diéu khién dng ten VSAT
lap trén tau bién véi hé truc chuyén dong khong truc giao

Truyeén thong VSAT phy thugc vao nhiéu yéu to, chang han nhu cuong dé tin hiéu, do
nhay cia may thu va cac yéu té nhiéu méi trieong. Dé dam bao chdt lwong tin hiéu toi weu,
dang-ten VSAT phdi duroc can chinh va phan ciee diing cdch vé phia vé tinh. Poivéi hé thong
VSAT dweoc \dp dat trén tau, nhiéu tir song, gi6 va dong chdy lam gian doan ding ké kha
nang duy tri hudng on dinh ciia dng-ten vé phia muc tiéu vé tinh. pé tang cuong hiéu qua
vé mat cdu triie, d¢ chinh xac chuyén déng va do cimg, mét sé hé thang VSAT trén tau,
chang han nhir ORSAT AL7103 va AL7107, két hop céc thiét ké c6 truc chuyén déng khong
vudng goc. Bai viét gigi thiéu phwong phdp tinh todn cdc théng sé on dinh goc nhin cho logi
hé thong VSAT nay, bao gom gdc phirong vi va géc dé cao, géc diéu khién quay va goc fur
thé cua tau. Mét sé két qua thi nghiém va mé phong chizng minh tinh kha thi ciia phwong
phdp dwoc dé xudt.

Tir khoa: On dinh géc nhin; Phan cyc; Bam vé tinh; Lién lac vé tinh.
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